INTRODUCTION
Glutamate is ubiquitously distributed in brain tissue, where it is present in high concentrations as compared with other amino acids. Glutamate has now been accepted as a major excitatory transmitter in the brain (for reviews see Fonnum, 1984; Cotman et al., 1987; Robinson & Coyle, 1987; Takeuchi, 1987) . Naito & Ueda (1983 , 1985 have isolated small, spherical synaptic vesicles from cerebral cortex, by using antibodies to a synaptic-vesicle-specific protein (Naito & Ueda, 1981) , and have demonstrated that glutamate is taken up by these vesicles in an ATP-dependent manner. This glutamate-uptake system in vitro has been shown in synaptic vesicles derived from glutamatergic neurons, but not from y-aminobutyric acid (GABA)-ergic neurons (Fischer-Bovenkerk et al., 1988) . Immunocytochemical studies have implicated glutamate to be concentrated in vesicles of nerve terminals (Storm-Mathisen et al., 1983; Riveros et al., 1986) , and physiological studies identified an exocytotic pool of glutamate in synaptosomes capable of rapid Ca2+-dependent release (Nicholls & Sihra, 1986; Nicholls et al., 1987; SanchezPrieto et al., 1987) . Therefore there is a growing body of evidence for the hypothesis that glutamate is released by exocytosis during synaptic transmission.
In addition, Naito & Ueda (1985) reported that the vesicular uptake of glutamate is inhibited by HI-gradient dissipaters. They suggested that the uptake is driven by an electrochemical potential difference of H+ across the membrane, the so-called ' protonmotive force', that is generated by a vesicular H+-pumping ATPase. Although the concept of H+-coupled biogenicamine transport into storage organelles, such as chromaffin granules, is well established (Njus et al., 1986) , little is known about the mechanism of uptake of neuroactive amino acids by storage vesicles in the central nervous system.
In order to demonstrate chemi-osmotic coupling between ATP hydrolysis and glutamate transport into the synaptic vesicles, it is essential to satisfy three criteria: (1) agents capable of dissipating the protonmotive force inhibit ATP-dependent transport; (2) ATP hydrolysis generates protonmotive force; and (3) protonmotive force imposed by means other than ATP also induces glutamate transport. Naito & Ueda (1985) provided evidence satisfying the first criterion as mentioned above (see also reports by Maycox et al., 1988; Carlson et al., 1989; Fykse et al., 1989; Cidon & Sihra, 1989) . Maycox et al. (1988) and Cidon & Sihra (1989) reported a large ApH across the synaptic-vesicle membrane generated by ATP at high Cl-concentrations (100-150 mM). They also observed a small ApH but a large membrane potential (AV), and a maximal uptake of glutamate at low Cl-concentrations (4-10 mm, a range of the physiological cytoplasmic concentrations). Independently, we have reported on the MgATP-dependent generation of a protonmotive force, with AVr as the major component, in synaptic vesicles, and on the quantitative correlation of AR and ATP-dependent glutamate uptake in a variety of conditions (Shioi et al., 1989 Preparation of synaptosomes from bovine cerebral cortex and the subsequent preparation of synaptic vesicles by osmolysis and sucrose-density-gradient centrifugation were described in our previous report (Shioi et al., 1989) . However, the immunoprecipitation step was omitted (see the Results and discussion section).
Vesicle subfractions were obtained after the discontinuous sucrose-density-gradient centrifugation of the synaptosome lysate, through which the synaptic vesicles were also collected (Shioi et al., 1989) . The band in each layer was diluted with cold deionized water to give a final sucrose concentration of 0.25 M, and spun at 150000 gav for 50 min. The pellets were resuspended in 0.32 M-sucrose containing 1 mM-NaHCO, and stored at -70°C, as for the synaptic-vesicle preparation (Shioi et al., 1989) .
Assay of vesicular glutamate uptake
The ATP-dependent uptake of glutamate into synaptic vesicles and other vesicle subfractions was assayed essentially as described previously (Naito & Ueda, 1985) . Briefly, vesicles (20 , ug Cation specificity for valinomycin-dependent glutamate uptake As shown in Table 1 , Rb+, K+ and Cs' gave significant uptakes in a valinomycin-dependent manner; however, Na+, Li' and choline ion did not (see the far right column in Table 1 ). The observed cation-species dependency was exactly as expected from the reported cation specificity of valinomycin with regard to its ionophoretic activity in a membrane (Reed, 1979) . Since K+ and Cs+ also gave increased uptake, it is not likely that intravesicular Rb+ itself activated the glutamate-uptake system. A logarithmic increase in Rb+ concentration gave a linear increase in the valinomycin-dependent glutamate uptake (Fig. 2) sistent with a logarithmic concentration-dependency of Rb+ diffusion potential expressed in the formula shown above. The results indicate ARt to be the driving force for the uptake.
Camier-mediated glutamate uptake Radioactive L-aspartate was not transported in the synaptic vesicles in a valinomycin/Rb+-dependent manner (Table 1) , excluding the possibility of a simple binding of the substrate by its electric charge. Glutamate concentration-dependency showed typical saturation kinetics. The Lineweaver-Burk analysis yielded an approximate Km of 1.7 mM-L-glutamate for the valinomycin/Rb+-dependent uptake system (results not shown), implying a specific carrier with an affinity to L-glutamate. The approximate Km value is in agreement with the Km of the ATPdependent glutamate uptake (1.6 mM; Naito & Ueda, 1983) , but quite different from that of Na+-dependent glutamate uptake (1.9m,C Bennett et al., 1974; or 3.0,UM, Kanner & Sharon, 1978 ).
An attempt. to show valinomycin/Rb+-dependent uptake of glutamate into antibody-purified synaptic vesicles (Naito & Ueda, 1983) was unsuccessful. Antibody-aggregated synaptic vesicles blocked the filter membrane at the high concentration (100,ug of vesicle protein/100,ul) of vesicles employed in this assay system. To ensure that this valinomycin/Rb+-dependent uptake system was specifically associated with synaptic vesicles, subcellular and subvesicular distributions were studied. The uptake activities in different subfractions from the sucrose gradient of the osmolysed synaptosome preparation are shown in Fig. 3 . The boundary of 0.32 M-/0.4 M-sucrose and the 0.4 Msucrose layer are known to be rich in synaptic vesicles; the boundary of 0.4 M-/0.6 M-sucrose has mainly large synaptic vesicles; both 0.6 M-and 0.8 M-sucrose layers contain myelin and synaptic plasma membrane: mitochondria precipitate at the bottom (Whittaker & Barker, 1972; Ueda et al., 1979) . ATPdependent L-glutamate uptake was highest in a combined fraction of the 0.32 M-/0.4 M-sucrose boundary and the 0.4 M-sucrose layer. The valinomycin/Rb+-dependent uptake system had a similar distribution in the sucrose density gradient to the ATPdependent system, but differed from the Na+-dependent system (Fig. 3) . Synaptosomes did not show any valinomycin/Rb+-dependent glutamate uptake, but showed an inhibition of Na+-dependent glutamate uptake by valinomycin in the presence of Rb+ (results not shown). The inhibition is consistent with the electrogenic uptake of glutamate in plasma membranes (see below). These results indicate that the valinomycin/Rb+-depenVol. 267 I by an inside-positive electrical potential across the vesicle membrane, but support the concept of a carrier-mediated transport.
Involvement of H+ in the valinomycin/Rb+-dependent glutamate uptake Imposition of an extravesicular pH jump from 5.9 to 7.7 enhanced the valinomycin/Rb+-dependent uptake of glutamate from 0.173+0.030 to 0.731 + 0.021 pmol/20 s per 100 lug of protein. In a control experiment, the same magnitude of pH jump without valinomycin/RbCl did not produce a significant uptake. FCCP is a potent HI conductor which dissipates the protonmotive force. This reagent inhibited valinomycin/Rb+-dependent glutamate uptake as well as ATP-dependent uptake ( Table 2 ), but not Na+-dependent uptake (results not shown). Nigericin is known to dissipate the chemical potential difference of HI across the membrane (but not the electrical potential difference) by exchanging H+ with K+ or Rb+ across the membrane (Reed, 1979) . Nigericin strongly inhibited valinomycin/Rb+-dependent glutamate uptake (Table 2) . DCCD, which generally inhibits the H+-transport system including a HI/ catecholamine antiporter (Schuldiner et al., 1978; Apps et al., 1980) , significantly inhibited the valinomycin/Rb+-dependent glutamate uptake of synaptic vesicles (Table 2) . These results are consistent with the idea that a protonmotive force is the driving force for the vesicular uptake of glutamate. According to this model, glutamate influx is coupled with a HI efflux down the electrochemical potential gradient across the membrane through a putative H+/glutamate antiporter (see below). L-glutamate uptakes in synaptic-vesicle subfractions Vesicles were subfractionated by sucrose-density-gradient centrifugation of the osmolysed synaptosome preparation and were assayed for their uptake activities as described in the Experimental section. Valinomycin (Val)/Rb+-dependent uptake (a): the differences between the uptakes in the presence and absence of valinomycin were calculated and normalized with the highest value (0.506 + 0.018 pmol) obtained from a combined fraction from the 0.32 M-/0.4 M-sucrose boundary and the 0.4 M-sucrose layer. Experiments were done in triplicate. ATP-dependent uptake (b): the differences between the uptakes in the presence and absence of ATP are shown normalized with the value (9.99 + 0.97 pmol) obtained from the combined fraction of the 0.32 M-/0.4 M-sucrose boundary and the 0.4 M-sucrose layer. Experiments were done in duplicate. Na+-dependent uptake (c): the differences between the uptakes in the presence and absence of NaCl are shown normalized with the value (7.48 + 0.03 pmol) obtained from a fraction of a 0.8 M-sucrose layer. Experiments were done in triplicate. Values on the abscissa are sucrose concentrations. dent glutamate-uptake system studied was associated with synaptic vesicles, but not with plasma membranes or mitochondria.
It is known that a synaptic plasma membrane takes up Lglutamate and L-and D-aspartate through the same high-affinity uptake system in a Na+-dependent manner (Logan & Synder, 1972; Bennett et al., 1974) . It was confirmed that Na+-dependent L-aspartate uptake was high in a fraction of the 0.8 M-sucrose layer (i.e. synaptic plasma-membrane fraction), but not in a synaptic-vesicle fraction (results not shown). Consistently, Na+-dependent L-glutamate uptake was highest in the 0.8 M-sucrose layer (Fig. 3) . The results argue against the possibility of a nonspecific binding or permeation of negatively charged glutamate Table 1 ), L-aspartate (potassium salt) at 5 mM inhibited the valinomycin/Rb+-dependent glutamate uptake by 53 + 50% (9 experiments). As mentioned above, the Na+-dependent glutamate-uptake system does not distinguish between glutamate and aspartate (Logan & Snyder, 1972; Davies & Johnston, 1976) , and ATP-dependent glutamate uptake is strictly specific for glutamate and is not inhibited by L-aspartate (Naito & Ueda, 1985) . Thus the valinomycin/Rb+-dependent uptake system apparently manifested an intermediate substrate specificity between those of ATP-dependent and Na+-dependent uptake systems; the valinomycin/Rb+-dependent uptake system seemed to bind L-aspartate on the surface of the vesicle membrane, but not to transport it into the vesicle lumen. Naito & Ueda (1985) reported that the ATP-dependent Lglutamate uptake is remarkedly enhanced by 4 mM-Cl-but not by 100 mM-Cl-or 4 mM-NO3; (see also Maycox et al., 1988) . A minor effect was observed with 4 mM-Cl-on ATPase, ApH and AVf, which suggested that Cl-may be involved in the transport system rather than H+-pumping ATPase (Shioi et al., 1989) . However, 4 mM-RbCl (together with 96 mM-RbNO3) did not show any significant enhancement of valinomycin-dependent glutamate uptake over that with 100 mM-RbNO3 (results not shown). The possibility cannot be excluded that an intravesicular Cl-itself or a Cl-efflux enhances the presumed H+/glutamate antiport. It may be noteworthy that the Cl--channel inhibitor 4-acetamido-4'-isothiocyanostilbene-2,2'-disulphonic acid (SITS) is one of the most potent inhibitors for ATP-dependent glutamate uptake (Shioi et al., 1989) ; it is probable that SITS inhibits H+/glutamate transport as well as ATP-driven H+-pump. Recent reports showed little or minor potentiation by Cl-for ATPdependent uptakes of other neurotransmitters, such as GABA and glycine, by synaptic vesicles Fykse et al., 1989) .
Models of the transport mechanism Maycox et al. (1988) reported that ATP-dependent L-glutamate uptake is qualitatively correlated with A*, but not with ApH. In addition, L-glutamate specifically induces acidification of the vesicle interior with a minor change in Ask. From these results, they proposed a uniport model (Fig. 4a ) in which negatively charged glutamate is transported electrophoretically through the specific carrier. Cidon & Sihra (1989) also proposed the same model. Their model agrees with our previous results (Shioi et al., 1989) on the quantitative correlation between ATP-dependent glutamate uptake and Aif. The present study, however, implicates an involvement of HI in the transport system itself. We propose an alternative model involving a H+/glutamate antiporter (Fig.   4b ). In this model, one H+ and one neutral glutamate molecule (undissociated or zwitterionic form of glutamic acid) are exchanged through the antiporter across the polarized membrane; ARb could be a major driving force for the transport transport of the undissociated glutamate, because of a back-shift toward the undissociated form in the dissociation equilibrium of glutamic acid: RCO2H = RCO23-+ H+ pK2 = 4.25 It is therefore necessary to-postulate an auxiliary system, such as a H+/Cl-symporter, which would remove H+ from the interior of vesicles by an electroneutral process (an alternative is a H+/cation antiporter, as suggested by Maycox et al., 1988 ). The present model is speculative, particularly regarding the form of transported glutamate (neutral or negatively charged) and the role of Cl-. Further work is needed central to this working hypothesis utilizing this valuable valinomycin/Rb+-dependent uptake system in order to ascertain the precise mechanism.
